Transforming growth factor beta (TGFbeta) superfamily signaling controls various aspects of female fertility. However, the functional roles of the TGFbeta-superfamily cognate signal transduction pathway components (e.g., SMAD2/3, SMAD4, SMAD1/5/8) in early embryonic development are not completely understood. We have previously demonstrated pronounced embryotrophic actions of the TGFbeta superfamily memberbinding protein, follistatin, on oocyte competence in cattle. Given that SMAD4 is a common SMAD required for both SMAD2/3-and SMAD1/5/8-signaling pathways, the objectives of the present studies were to determine the temporal expression and functional role of SMAD4 in bovine early embryogenesis and whether embryotrophic actions of follistatin are SMAD4 dependent. SMAD4 mRNA is increased in bovine oocytes during meiotic maturation, is maximal in 2-cell stage embryos, remains elevated through the 8-cell stage, and is decreased and remains low through the blastocyst stage. Ablation of SMAD4 via small interfering RNA microinjection of zygotes reduced proportions of embryos cleaving early and development to the 8-to 16-cell and blastocyst stages. Stimulatory effects of follistatin on early cleavage, but not on development to 8-to 16-cell and blastocyst stages, were observed in SMAD4-depleted embryos. Therefore, results suggest SMAD4 is obligatory for early embryonic development in cattle, and embryotrophic actions of follistatin on development to 8-to 16-cell and blastocyst stages are SMAD4 dependent.
INTRODUCTION
Maternal RNAs and proteins, accumulated during oogenesis, are required for successful oocyte maturation, fertilization, zygotic genome activation, and early embryonic development, and hence functionally help determine oocyte competence [1] . In the past two decades, a growing list of maternal-effect genes has been identified that are essential for oocyte growth and development and embryo development using gene-targeting approaches in mice [2] [3] [4] . Because of intrinsic species differences in the duration and number of cell cycles required for embryonic genome activation and completion of the maternal-to-embryonic transition in livestock species, including cattle, and in humans, versus the mouse, the regulatory mechanisms and maternal-effect genes involved may not be identical. However, little information is known about the maternal regulation of early embryonic development, especially in nonrodent models [5, 6] .
Initially, in an effort to identify genes associated with oocyte competence in cattle, we compared RNA transcript profiles of both oocyte and surrounding cumulus cells between good quality oocytes (adult) and poor quality oocytes using a prepubertal calf model of poor oocyte quality [7] . Analysis of the microarray data led to the discovery of follistatin as a differentially expressed gene that is overrepresented in the good oocytes relative to the poor quality oocytes. Moreover, we found follistatin mRNA was also higher in early cleaving 2-cell bovine embryos, which have a greater capacity to develop to blastocyst stage than their late-cleaving counterparts [7] . Functional results revealed treatment of early embryos with follistatin accelerates the time to first cleavage and improves rates of development to the blastocyst stage whereas the opposite effects are observed in response to small interfering RNA (siRNA)-mediated follistatin ablation in early embryos [8] . Collectively, our previous results suggest oocyte-derived follistatin is an important molecular determinant of oocyte competence in cattle. However, the molecular mechanisms underlying follistatin actions during early embryogenesis are unclear.
Follistatin was discovered based on its ability to inhibit FSH secretion via binding at a high affinity to inhibit activin activity [9] . To begin to determine if the positive effect of follistatin on early embryo development is mediated by inhibition of activin action, we previously tested the effect of exogenous activin and the effect of inhibition of signaling through type I receptor for activin, transforming growth factor b (TGFb), and nodal (ALK 4, 5, and 7; SB-431542 inhibitor treatment) [10, 11] on bovine early embryonic development. The results revealed similar embryotrophic actions of activin on early cleavage and development to 8-to 16-cell and blastocyst stage whereas inhibition of activin, TGFb, and nodal signaling with SB431542 was inhibitory to development. The results suggest that embryotrophic actions of follistatin are not mediated by inhibition of activin action [8] .
Follistatin also binds to and regulates activity of additional members of the TGFb superfamily beyond activin, including several BMPs [12, 13] . It is well known that TGFb family members bind to type II receptors and recruit type I receptors, both of which are membrane-bound serine-threonine kinase receptors [14, 15] . The type I receptor is then phosphorylated and activated by type II receptor upon ligand binding. In turn, type I receptor phosphorylates receptor-activated SMADs (RSMADs). Specifically, SMAD2/3 are phosphorylated in response to activin and TGFb while SMAD1/5/8 are phosphorylated in response to BMP receptor binding. Upon phosphorylation, R-SMADs bind to the common SMAD (SMAD4) and translocate to the nucleus to regulate downstream gene transcription [15] . Therefore, we hypothesized that the positive actions of follistatin on bovine early embryogenesis may be mediated via regulation of specific SMAD2/3-and or SMAD1/5/8-dependent signaling pathways.
The objectives of the present study were to determine the functional role of SMAD4 in early embryonic development and if embryotrophic effects of follistatin are mediated through SMAD4 signaling. Initial emphasis was placed on SMAD4 because it is a common SMAD involved in both SMAD2/3-and SMAD1/5/8-signaling pathways [15] . The results revealed a functional role for SMAD4 in promoting early cleavage and development to 8-to 16-cell and blastocyst stages. The results also suggest that effects of follistatin on developmental progression to 8-to 16-cell and blastocyst stages are impeded in the absence of SMAD4, but follistatin effects on early cleavage are not affected.
MATERIALS AND METHODS

Materials
Unless otherwise stated, all the chemicals and reagents were purchased from Sigma-Aldrich.
In Vitro Production of Bovine Embryos
Bovine oocyte maturation, in vitro fertilization (IVF), and embryo culture were performed according to procedures reported previously [8, 16] . In brief, cumulus-oocyte-complexes (COCs) containing more than three layers of compact cumulus cells and homogenous cytoplasm were obtained from 2-to 7-mm follicles from bovine ovaries that were collected at a slaughterhouse. COCs were matured in TCM 199 supplemented with 10% fetal bovine serum (FBS) (Hyclone), 5 international units/ml LH, 1 international unit/ml FSH (Sioux Biochemical), and 1 lg/ml estradiol-17b at 38.58C under 5% CO 2 in air. Upon maturation, COCs (50 COCs/well) were incubated with spermatozoa purified from frozen-thawed semen by Percoll gradient. IVF was performed at 38.58C under 5% CO 2 for 16-18 h. Putative zygotes were then removed of cumulus cells by vortexing for 5 min in hyaluronidase. Embryos were cultured in potassium simplex optimization medium (KSOM) (EMD Millipore) supplemented with 0.3% bovine serum albumin (BSA). Three days after fertilization, 8-to 16-cell embryos were separated, washed, and placed in fresh KSOMcontaining wells containing 0.3% BSA and 10% FBS until Day 7.
Changes in Relative Abundance of SMAD4 mRNA During Oocyte Maturation and Early Embryogenesis
Germinal vesicle (GV) and MII-stage oocytes and putative zygotes, 2-cell, 4-cell, 8-cell, 16-cell, morula, and blastocyst-stage embryos were collected for RNA analysis as described previously [16] . Metaphase II-stage oocytes were collected 24 h after bovine oocyte maturation and putative zygotes were harvested at 20 h postinsemination (hpi), 2-cell embryos at 33 hpi, 4-cell embryos at 44 hpi, 8-cell embryos at 52 hpi, 16-cell embryos at 72 hpi, and morulas and blastocysts at 5 and 7 days postinsemination, respectively (n ¼ 4 pools of 10 oocytes/embryos per pool/time point). For experiments to establish whether SMAD4 mRNA in early embryos is of maternal or zygotic origin, zygotes obtained were cultured as described above in KSOM containing 3 mg/ ml BSA in the presence or absence of 50 lg/ml of the RNA polymerase II inhibitor a-amanitin and 8-cell embryos were collected 52 hpi.
RNA Interference in Early Embryos
RNA interference were performed according to our previous published work [5, 6, 8, 17] . Silencing of endogenous SMAD4 in bovine embryos was conducted via microinjection of SMAD4 siRNA. Two distinct siRNA species (designated as siRNA species 1 and 2, respectively) were designed targeting the coding sequence of SMAD4 mRNA by using the online siRNA design software (siRNA target finder; Ambion). The basic local alignment tool (BLAST) program was used for both siRNAs to rule out nonspecific targeting to other bovine genes, and siRNAs were produced by using the Silencer siRNA Construction Kit (Ambion) according to the manufacturer's instructions. The antisense and sense oligonucleotide template sequences for both siRNA species are as follows: siRNA 1-antisense: AACTGTTGTTTTTCGCTGCCTCC TGTCTC, sense: AAAGGCAGCGAAAAACAACAGCCTGTCTC; siRNA 2-antisense: AAGGGATTTCCTCATGTGATCCCTGTCTC, sense: AAGAT CACATGAGGAAATCCCCCTGTCTC. Each siRNA species was tested for efficacy of SMAD4 mRNA knockdown in early embryos; 20 pl of siRNA (25 lM) was microinjected into putative zygotes collected at 16-18 hpi. Four-cell embryos were collected at 42-44 hpi for quantitative PCR analysis of SMAD4 mRNA abundance. Embryos that were uninjected and embryos injected with a universal negative control siRNA (universal negative control no. 1; Ambion) served as control groups (n ¼ 4 pools of 10 embryos each per treatment). To determine the efficacy of SMAD4 siRNA in reducing SMAD4 protein in early embryos, immunostaining against SMAD4 was performed in 16-cell embryos collected 72 hpi (n ¼ 10-15 embryos per group; described below). The developmental progression of the SMAD4 siRNA-injected embryos and control groups was monitored by recording the percentage of embryos that cleaved early (30 hpi), total cleavage rate (48 hpi), and the proportion of embryos developing to the 8-to 16-cell stage (72 hpi) and blastocyst stage (7 days after insemination).
To determine whether embryotrophic actions of follistatin are SMAD4 dependent, uninjected and SMAD4 siRNA-injected zygotes were subjected to embryo culture (as described above) in the presence or absence of maximal stimulatory dose of follistatin (10 ng/ml; control embryos; [8] ) or increasing concentrations of follistatin (0, 1, 10, 100 ng/ml follistatin; SMAD4 siRNAinjected embryos) for the first 72 h of embryo culture; they were then follistatin-free until Day 7 (n ¼ 25-30 embryos per treatment; n ¼ 6 replicates). Effects of treatments on early cleavage, total cleavage rates, and percent development to 8-to 16-cell and blastocyst stages were determined as described above.
Immunofluorescence
Immunofluorescent localization of SMAD4 protein was performed according to procedures published previously [8] . Briefly, embryos were fixed in 4% paraformaldehyde in PBS for 30 min. After washing three times in PBS, embryos were permeabilized with 0.1% Triton X-100 in PBS and blocked in solution containing 2% BSA and 10% normal goat serum in PBS for 1 h. Embryos were then incubated with primary antibody (mouse anti-SMAD4, 1:50 dilution; Santa Cruz Biotechnology). After three washes, embryos were treated with secondary antibody (anti-mouse IgG-Tritc, 1:100 dilution; Life Technologies) for 1 h. Finally, samples were mounted on slides using ProLong Gold Antifade Reagent with 4 0 ,6-diamidino-2-phenylindole (Life Technologies). Embryos that were incubated in the absence of anti-SMAD4 antibody were used as negative controls.
Reverse Transcription and Real-Time PCR
Total RNA extraction, cDNA synthesis, and quantitative real-time PCR (qPCR) were conducted according to procedures published previously with oligo dT primers used for quantification of the abundance of polyadenylated transcripts and random hexamers used for quantification of the abundance of total transcripts [8] . Sequence information for all the primers utilized can be found in Table 1 . Relative mRNA abundance for genes of interest was calculated using the formula 2
ÀDDCT [18] with the mRNA abundance normalized to endogenous control (RPS18).
Statistical Analysis
Data were analyzed using one-way ANOVA. All the percentage data for embryo culture experiments were calculated based on the number of zygotes cultured and were subjected to arc-sin transformation before analysis. Differences in treatment means were compared by using Fisher protected least significant difference test.
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RESULTS
Expression Profile of SMAD4 mRNA in Bovine Early Embryos
As shown in Figure 1 , SMAD4 mRNA was detected throughout bovine early embryonic development. Polyadenylated transcripts for SMAD4 mRNA were present in GV oocytes, and their abundance was increased during meiotic maturation. Immediately after IVF, the abundance of such SMAD4 mRNA transcripts was transiently increased at the 2-cell stage but still remained elevated in the 4-cell and 8-cell embryos relative to the GV stage until the 16-cell stage, remaining low in the morula-and blastocyst-stage embryos. This dynamic gene expression pattern is reminiscent of maternal-effect genes. In order to test if SMAD4 mRNA was 
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of maternal origin, putative zygotes were exposed to the RNA polymerase II inhibitor, a-amanitin, and qPCR analysis of SMAD4 mRNA abundance in embryos at the 8-cell stage was performed. As depicted in Figure 2A , an increase in SMAD4 mRNA abundance was observed in 8-cell embryos cultured in the presence of a-amanitin versus untreated controls. However, when RNA from control and a-amanitin-treated embryos was primed with random hexamers during cDNA synthesis (for quantification of total transcripts), no difference in SMAD4 mRNA abundance was detected (Fig. 2B) . The results indicate that the SMAD4 mRNA in early embryos was of maternal origin, and the decline in SMAD4 mRNA near the time of embryonic genome activation was itself transcription dependent.
Endogenous SMAD4 mRNA Is Efficiently and Specifically Knocked Down by RNA Interference
In order to determine the functional role of SMAD4 in early embryonic development in cattle, we first validated procedures for siRNA-mediated ablation of endogenous SMAD4 expression. As seen in Figure 3A -C, microinjection of SMAD4 siRNA species 1 and 2 individually or in combination greatly reduced endogenous SMAD4 mRNA abundance by .90% in bovine embryos collected at 42-44 hpi compared to negative control siRNA-injected and/or uninjected control embryos (P , 0.01). SMAD4 immunostaining studies revealed localization of SMAD4 protein in both the cytoplasm and nuclei of blastomeres and a significant reduction in SMAD4 staining in siRNA-injected embryos relative to control embryos (Fig. 4) .
To further rule out the possibility of nonspecific recognition of target mRNAs, qPCR analysis was performed against several housekeeping genes (GAPDH, beta-actin, cyclophilin-A, ribosomal protein L-15 , and RPL-19) and the bovine oocyte-specific gene JY-1. As expected, mRNA abundance for all the above genes was similar between SMAD4 siRNA-injected embryos and control counterparts, further supporting specificity of SMAD4 siRNA in targeting SMAD4 mRNA in early embryos (Supplemental Fig. S1 , available online at www.biolreprod.org). 
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Evidence that SMAD4 Is Required for Bovine Preimplantation Development
To determine if SMAD4 is required for bovine early embryonic development, putative zygotes generated by IVF were injected with SMAD4 siRNA and preimplantation development was monitored in terms of early cleavage, total cleavage, and development to the 8-to 16-cell and blastocyst stages. At 30 hpi, the proportion of embryos cleaving early was reduced in the SMAD4 siRNA-injected group relative to uninjected and negative control siRNA-injected embryos (P , 0.05, Fig. 5A ) while the total cleavage rate (assessed at 48 hpi) was normal (Fig. 5B) . However, the percentages of embryos developing to 8-to 16-cell stage (Fig. 5C ) and blastocyst stage (Fig. 5D) were both decreased in response to SMAD4 siRNA injection relative to uninjected and negative control siRNAinjected embryos (P , 0.05).
SMAD4 Is Required for Proper Expression of Markers of Zygotic Genome Activation
The expression pattern of SMAD4 mRNA in early embryos is reminiscent of genes involved in the maternal to embryonic transition. We and others have previously reported the catalog of zygotically expressed genes present in 8-cell stage bovine embryos [6, 19] . Thus, qPCR analysis for several known genes induced upon embryonic genome activation was performed (DSC2, CRABP1, SLC38A2, and CXCL6) on SMAD4 siRNAtreated and control embryos cultured in the presence or absence of a-amanitin. As shown in Figure 6 , the mRNA abundance for the above transcripts was completely ablated in a-amanitintreated embryos (Fig. 6A-D) , confirming that the transcripts are zygotic in origin. Consistent with the results shown above, mRNA abundance for SMAD4 was decreased in response to siRNA injection and increased in control embryos cultured in the presence of a-amanitin ( Fig. 6E ; P , 0.05). Furthermore, SMAD4 siRNA injection decreased the abundance of DSC2, CRABP1, SLC38A2, and CXCL6 mRNAs in 8-cell bovine embryos relative to control embryos ( Fig. 6A-D ; P , 0.05). The results indicate that SMAD4 ablation affects zygotic genome activation as evidenced by reduced abundance of the above zygotic transcripts in 8-cell stage bovine embryos.
Effect of SMAD4 Ablation and Follistatin Supplementation on Bovine Early Embryonic Development
To determine if embryotrophic actions of follistatin are SMAD4 dependent, the effects of exogenous follistatin treatment of SMAD4-ablated embryos were determined. A reduction in the percent of embryos cleaving early and rates of development to the 8-to 16-cell and blastocyst stages were observed in SMAD4 siRNA-injected embryos as reported above, and the embryotrophic effects of maximal stimulatory dose of follistatin (10 ng/ml) were observed in uninjected control embryos (Fig. 7 , A, C, and D; P , 0.05). Inhibitory effects of SMAD4 ablation on percent embryos cleaving early were reversed in a dose-dependent manner in response to treatment with increasing concentrations of follistatin (Fig.  7A) . However, no effects of exogenous follistatin on percent development to 8-to 16-cell and blastocyst stages (Fig. 7 , C and D) were observed when SMAD4 siRNA-injected embryos were treated with increasing concentrations of exogenous follistatin. The results suggest stimulatory effects of follistatin on development to 8-to 16-cell and blastocyst stages, but not early cleavage, are SMAD4 dependent.
DISCUSSION
The functional role of TGFb superfamily cognate signal transduction pathway components (e.g., SMAD2/3, SMAD4, SMAD1/5/8) in early embryogenesis is not well understood.
The results of described studies demonstrated that SMAD4 of maternal origin is essential for bovine early embryonic development and revealed that specific actions of follistatin are dependent on SMAD4, the common SMAD involved in both SMAD2/3-and SMAD1/5/8-signaling pathways. To our 
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knowledge, a functional requirement of SMAD signaling for early embryonic development has not been reported previously.
The TGFb-SMAD-signaling pathway plays a wide-ranging role in the regulation of female fertility [20, 21] . A variety of components of the signaling pathway are present in ovarian cells, including oocytes, granulosa cells, and thecal cells [22] [23] [24] . Functional results from gene targeting studies in mice and molecular genetic studies in sheep indicate that select TGFb family ligands and SMADs are critical for granulosa cell/ follicle and/or oocyte development and function [25] [26] [27] [28] [29] . However, less is known about their expression profile and functional role in early embryos, particularly in cattle. The results of the present studies demonstrated that SMAD4 mRNA is elevated in maturated oocytes and remains elevated during early embryonic development until the 16-cell stage when transcript abundance decreases significantly. This window of early embryogenesis encompasses the time when the major wave of embryonic genomic activation occurs in cattle [30] . The results of embryo culture experiments in the presence of the transcriptional inhibitor, a-amanitin, and subsequent qPCR indicate that SMAD4 mRNA is of maternal origin and the decline in SMAD4 mRNA during embryo developmental progression is itself transcription dependent and likely mediated through transcript deadenylation. Adenylation and deadenylation of mRNAs are prominent mechanisms of regulation of mRNA abundance during oocyte maturation and early development until initiation of embryonic genome activation [31, 32] . Because removal of the polyA þ tail inhibits translation and is a starting point for RNA degradation [33] , the results suggest that timely downregulation of maternal SMAD4 mRNA (as shown by the decrease in SMAD4 mRNA after the 16-cell stage) may potentially be significant to subsequent development after embryonic genome activation.
The specific maternal factors (primarily mRNA and protein) that play an essential role in directing early embryonic development, especially during the maternal-embryonic transition, when a subset of maternal mRNAs are decayed and embryonic genome transcription is initiated, are not completely understood [1, 32] . We tested whether SMAD4 is required for increased expression of select genes of zygotic origin in early embryos. Treatment with the transcription inhibitor, aamanitin, blocked mRNA expression for selected zygotic transcripts (DSC2, CRABP1, SLC38A2, and CXCL6) previously identified from microarray analysis [6, 19] , confirming that these mRNAs are transcribed from the zygotic genome and are not maternal in origin. In the SMAD4 siRNA-injected embryos, expression of these genes was decreased compared to control embryos, suggesting that SMAD4 ablation affects activation of the zygotic genome, at least at selected loci 
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evaluated in the present study. Further research will be required to clarify if SMAD4 is required for genomewide transcriptional activation and to identify specific SMAD-dependent target genes of embryonic origin critical for further development.
Microinjection of SMAD4 siRNA into bovine zygotes resulted in a reduced proportion of embryos cleaving early (within 30 hpi) and poor rates of development to the blastocyst stage relative to controls, supporting a functional contribution of SMAD4 to bovine embryo developmental progression. While SMAD4 siRNA injection reduced the proportion of early cleaving embryos, no effects on total cleavage rates were observed. Likewise, maternal (oocyte derived) follistatin has been shown to affect early cleavage, but not total cleavage rates, in the current and previous studies [8] . Hence, the results suggest that TGFb superfamily signaling potentially regulates the length of the first cell cycle but not ultimate ability of an embryo to cleave.
Previous studies of Smad4-null and -conditional knockout mice revealed an essential and potentially stage-specific role for Smad4 in embryonic development. Crossing of mice heterozygous for Smad4-null allele demonstrated that resulting embryos homozygous null for Smad4 allele display post- D] ), and SMAD4 (E). Zygotes were microinjected (16-18 hpi) with ;20 pl of SMAD4 siRNA (cocktail), universal negative control siRNA species 1 (Ambion), or served as uninjected controls and cultured serum-free in KSOM supplemented with 0.3% BSA and 50 lg/ml a-amanitin. The 8-cell embryos were collected 52 hpi (n ¼ 4 pools of 10 embryos each per group) for RNA isolation and real-time RT-PCR analysis. Data were normalized relative to abundance of endogenous control (RPS18) and are shown as the mean 6 SEM. Values with different superscripts across treatments indicate significant differences (P , 0.05). ND, not detected.
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implantation lethality by Embryonic Day 7.5 and a defect in gastrulation [34] . Such results may mean, relative to the bovine model system, that the requirement for Smad4 is manifest later in development in the mouse and/or maternal Smad4 is sufficient to promote preimplantation early embryonic development in the mouse. However, oocyte-specific deletion of Smad4 in mice using ZP3 promoter driving CRE recombinase or GDF9 promoter driving CRE recombinase has no effect on fertility or causes a very small reduction in litter size, respectively [35] . Hence, the results suggest a potential species-specific role (unique from the mouse) for maternal (oocyte derived) SMAD4 in promoting initial stages of bovine early embryogenesis.
Further examination of our results in the bovine model system revealed that the reduced blastocyst rate results from both reduced development to 8-to 16-cell stage and reduced development from the 8-to 16-cell to the blastocyst stage. This result suggests SMAD4 is a critical player throughout the entire period of in vitro early embryonic development in cattle. The poor development during the first 3 days (prior to embryonic genome activation) may potentially be accounted for by the disruption of the maternal-embryonic transition (e.g., reduced expression of selected zygotic-expressed genes in SMAD4-deficient embryos). However, Smad4-null mutant mouse embryos also display reduced cell proliferation at Embryonic Day 6.5 [34] . Hence, the direct effects of SMAD4 knockdown on cell cycle kinetics in bovine embryos also cannot be discounted, particularly because SMAD4 knockdown causes a reduction in percentage of embryos cleaving early.
Our previous studies demonstrated an intrinsic embryotrophic role of follistatin in enhancing multiple aspects of preimplantation early embryonic development in cattle, including the proportion of embryos cleaving early and the rates of development to 8-to 16-cell and blastocyst stages. Follistatin is a binding protein for specific members of the TGFb superfamily and may exert its embryotrophic effects through modulation of one or more of the SMAD (SMAD2/3, SMAD1/5) or non-SMAD (e.g., AKT, JNK, ERK, and P38) signaling pathways regulated by TGFb superfamily members [36] . To further investigate the mechanism of action of follistatin, we tested whether the actions of follistatin are affected in SMAD4-deficient embryos. The results demonstrated a significant reduction in proportion of embryos cleaving early in response to SMAD4 siRNA injection, but 
LEE ET AL.
the percentage of early cleaving embryos in response to follistatin treatment was increased in a similar fashion for both SMAD4 siRNA-injected and control embryos. This suggests that the effects of follistatin in accelerating the time to first cleavage are potentially independent of the actions of SMAD4 and hence presumably mediated by SMAD-independent pathways linked to TGFb superfamily signaling [37] .
The mechanisms involved in follistatin and SMAD4 regulation of time to first cleavage and the specific stages of the first cell cycle that are accelerated are not clear. Previous studies revealed that there is significant variability in length of all cell cycle components in human zygotes after sperm penetration [38] . In general, members of the TGFb superfamily have pleiotropic and cell-specific actions in promoting cell proliferation versus differentiation [39] . For example, activin treatment induces cell cycle arrest in cells of B-cell lineage via triggering hypophosphorylation of the retinoblastoma protein [40] , whereas we have shown that activin A treatment of bovine embryos actually accelerates the time to first cleavage and results in a greater proportion of early cleaving embryos [8] . Further investigation will be required to determine the specific follistatin-regulated SMAD4-independent signaling pathways that lead to accelerated time to first cleavage in early bovine embryos. Regardless, increased understanding of regulation of the first cleavage division is of practical significance to assisted reproductive technologies (ART) in cattle and humans. After IVF, early cleaving bovine [7, 41] and human embryos [42, 43] have enhanced capacity to reach the blastocyst stages as compared to their later cleaving counterparts. Furthermore, time to first cleavage is a significant predictor of embryo developmental potential and success of ART in humans, with .2-fold higher pregnancy rates observed in single embryo transfers of early cleaving embryos versus later cleaving embryos [44] [45] [46] .
In contrast to observed SMAD4-independent actions of follistatin in accelerating time to first cleavage, culture of SMAD4 siRNA-injected embryos with increasing concentrations of follistatin (1, 10, and 100 ng/ml) did not rescue the inhibitory effects of SMAD4 knockdown on development to the 8-to 16-cell and blastocyst stages, suggesting that these specific embryotrophic actions of follistatin are in fact SMAD4 dependent. Our previous studies demonstrated stimulatory effects of exogenous activin treatment on rates of development of bovine embryos to the 8-to 16-cell and blastocyst stages, suggesting the presence of a functional SMAD2/3-signaling pathway in bovine embryos [8] . Further investigation will be required to determine whether SMAD4-dependent embryotrophic actions of follistatin are mediated through regulation of activity of SMAD2/3-and/or SMAD1/5/8-dependent pathways in bovine embryos and the accompanying specific ligands whose activity follistatin regulates.
In conclusion, our results suggest that SMAD4 is an important intracellular signaling molecule required for bovine early embryogenesis. The results also suggest that embryotrophic actions of follistatin on early cleavage, but not development to 8-to 16-cell and blastocyst stages, are SMAD4 independent. Increased understanding of the intrinsic signaling pathways and molecules linked to successful early embryogenesis is critical to future improvements in ART and further understanding of factors potentially contributing to infertility in cattle and humans.
